subalpine forests to lose water by transpiration increases as succession proceeds and subalpine fir recruits into whitebark pine stands.
Summary
In subalpine forests of the northern Rocky Mountains, fire exclusion has contributed to large-scale shifts from early-successional whitebark pine (Pinus albicaulis Engelm.) to late-successional subalpine fir (Abies lasiocarpa (Hook.) Nutt.), a species assumed to be more shade tolerant than whitebark pine and with leaf to sapwood area ratios (A L :A S ) over twice as high. Potential consequences of high A L :A S for subalpine fir include reduced light availability and, if hydraulic sufficiency is maintained, increased whole-tree water use. We measured instantaneous gas exchange, carbon isotope ratios and sap flow of whitebark pine and subalpine fir trees of different sizes in the Sapphire Mountains of western Montana to determine: (1) whether species-specific differences in gas exchange are related to their assumed relative shade tolerance and (2) how differences in A L :A S affect leaf-and whole-tree water use. Whitebark pine exhibited higher photosynthetic rates (A = 10.9 µmol m -2 s -1 ± 1.1 SE), transpiration rates (E = 3.8 mmol m -2 s -1 ± 0.7 SE), stomatal conductance (g s = 166.4 mmol m -2 s -1 ± 5.3 SE) and carbon isotope ratios (δ 13 C = -25.5‰ ± 0.2 SE) than subalpine fir (A = 5.7 µmol m -2 s -1 ± 0.9 SE; E = 1.4 mmol m -2 s -1 ± 0.3 SE; g s = 63.4 mmol m -2 s -1 ± 1.2 SE, δ 13 C = -26.2 ‰ ± 0.2 SE; P < 0.01 in all cases). Because subalpine fir had lower leaf-area-based sap flow than whitebark pine (Q L = 0.33 kg m -2 day -1 ± 0.03 SE and 0.76 kg m -2 day -1 ± 0.06 SE, respectively; P < 0.001), the higher A L :A S in subalpine fir did not result in direct proportional increases in whole-tree water use, although large subalpine firs used more water than large whitebark pines. The linear relationships between tree size and daily water use (r 2 = 0.94 and 0.97 for whitebark pine and subalpine fir, respectively) developed at the Sapphire Mountains site were applied to trees of known size classes measured in 12 natural subalpine stands in the Bob Marshall Wilderness Complex (western Montana) ranging from 67 to 458 years old. Results indicated that the potential for
Introduction
Suppression of wild fires during the past 60-80 years in the western USA has resulted in large-scale successional changes in many conifer forests (Arno 1980) . Historically, fire frequency in the subalpine forests of northern Rocky Mountains ranged between 50 and 300 years (Arno 1980) . These fires killed subalpine fir (Abies lasiocarpa (Hook.) Nutt.) and maintained open stands of fire-tolerant whitebark pine (Pinus albicaulis Engelm.) (Arno 1986, Arno and Hoff 1990) . Fire suppression, pine beetle epidemics and introduced pathogens have also contributed to large-scale shifts from early-successional whitebark pine to late-successional subalpine fir (Arno 1986 , Keane et al. 1990 , Keane and Arno 1993 . Whitebark pine, which once dominated over 50% of the upper subalpine forests in western Montana and Idaho, has largely been replaced by subalpine fir and now early-successional whitebark pine communities occupy only a fraction of their former range (Keane and Arno 1993) .
Biomass allocation data for coniferous species of the northwestern USA (Margolis et al. 1995, Waring and Running 1998) combined with successional trends summarized by Pfister et al. (1977) indicate that late-successional species exhibit high leaf to sapwood area ratios (A L :A S , total tree projected leaf area to cross section sapwood area at breast height) relative to early successional species. Consistent with this, Callaway et al. (2000) showed that A L :A S is over twice as high in subalpine fir as in whitebark pine (0.8 versus 0.3 m 2 cm -2 ). High A L :A S in subalpine fir has several functional and ecological implications. First, irradiance at the individual and stand level is expected to decrease and shade tolerance is expected to increase. Although subalpine fir is considered to be much more shade tolerant than whitebark pine (Arno 1986) , there are virtually no gas exchange data to corroborate the assumption. Second, if hydraulic sufficiency is maintained, the increase in A L :A S in subalpine fir may translate into increased whole-tree water use and, therefore, increased stand-level transpiration as the species assumes co-dominance during succession. However, stomatal regulation in response to both shade and high xylem tension (e.g., Sperry and Pockman 1993) and decreased evaporative demand within densely packed subalpine fir canopies (Jarvis and McNaughton 1986) may reduce leaf-level water loss and offset increases in A L :A S . At the stand level, high recruitment of subalpine fir into open whitebark pine stands could override reductions in water loss at the leaf-and tree-levels and result in high stand-level transpiration, particularly if forests remain aerodynamically rough (which is typically the case for coniferous forests). Largescale experiments and new techniques applied to studies of tree and stand water use have increased our knowledge of the hydrology of forest ecosystems (see Wullschleger et al. (1998) for a review); however, there has been no quantitative examination of how changes in biomass allocation that occur during successional replacement (e.g., Callaway et al. 2000) affect stand-level transpiration (but see Hornbeck et al. 1997) .
We compared instantaneous gas exchange, long-term water-use efficiency (inferred from carbon isotope ratios) and whole-tree water use (from sap flow measurements) of whitebark pines and subalpine firs of different sizes in the Sapphire Mountains in western Montana. We then applied the relationships between water use and tree size to known size classes of trees in natural forests in the Bob Marshall Wilderness Complex, western Montana, ranging from 67 to 458 years old. Our objectives were to: (1) investigate whether species-specific differences in gas exchange are related to their assumed relative shade tolerance; (2) determine how differences in allocation to foliage between whitebark pine and subalpine fir influence leaf-and tree-level water use when water is not limiting and (3) estimate the potential effects of changes in stand structure (sapwood area and leaf area index) and species composition during succession on whole-stand transpiration.
Materials and methods

Site
The study site for physiological measurements is located in a subalpine forest at 2300 m elevation in the Sapphire Mountains of western Montana, USA (46°05′ N; 114°50′ W). Trees were sampled from a 5-ha area with a metamorphosed granitic substrate located on a southwest-facing slope of 10-15%. This site was subjected to partial cutting of the overstory trees in the early 1960s, although the current basal area is similar to that found in natural mature stands (35 m 2 ha -1 ). Mean annual precipitation for this habitat type (Abies lasiocarpa-Luzula hitchcockii Hamet-Ahti) is 720 mm, and mean temperatures for July and January are 14 and -10°C, respectively (Pfister et al. 1977) . Field sampling was conducted from July 10 to 15, 1996 , approximately 3 weeks after complete snow melt. The weather was clear with a mean temperature of 12.7°C.
We used the relationships between tree size and water use that were obtained in the Sapphire Mountains to estimate stand-level transpiration of natural stands in the Bob Marshall Wilderness Complex (BMWC, Montana) 300-400 km north of the Sapphire Mountains. Whitebark pine has the potential to dominate 35-50% of the subalpine landscape within the BMWC (Keane et al. 1994) . However, blister rust epidemics and successional replacement by subalpine fir as a result of fire exclusion policies during the past 60 years have resulted in a substantial decline in whitebark pine and a gradual increase in subalpine fir as forests age (Keane et al. 1994 ). An advantage of using the BMWC stands to estimate water use as forests age is that they offer a realistic representation of natural, undisturbed forest succession. A disadvantage is that they are not accessible, and we could not make in situ measurements of water use. Therefore, we estimated transpiration based on empirical relationships developed at the accessible sites in the Sapphire Mountains.
Plant material
Twenty subalpine firs with diameters at breast height (DBH, at 1.4 m) ranging from 3.8 to 40.0 cm (from 10 to 140 years old) and 20 whitebark pines with DBHs ranging from 5 to 46 cm (from 20 to 228 years old) were sampled in the Sapphire Mountains for leaf-level measurements of gas exchange, shoot water potential and whole-tree water use. Tree height ranged from 2 to 18 m in both species. For consistency, and to maintain conditions similar to those in the BMWC, we sampled trees that were in closed stands, but with crowns that were not in contact with neighbors. Crowns of mature trees in subalpine fir forests of the northern Rocky Mountains do not overlap much. None of the sampled whitebark pines were infected by blister rust.
Shoot water potential and gas exchange
Predawn shoot water potential was measured on south-facing terminal twigs in the middle portion of the crown for each of the 20 trees of each species on July 13, 1996, with a Scholander-type pressure chamber (PMS Instrument, Corvallis, OR). Subsequent diurnal measurements of shoot water potential were taken concurrently with gas exchange measurements from four trees of each species representing the full range of DBHs. Photosynthetic rate and stomatal conductance were measured in natural light on mature (1-year-old) needles on south-exposed terminal twigs sampled from the lower canopy throughout the day with a portable photosynthesis system (LI-6200, Li-Cor, Inc., Lincoln, NE). Transpiration rates were calculated from stomatal conductance and leaf-to-air vapor pressure difference, which was calculated from measurements of air vapor pressure and leaf temperature taken with the cuvette open. Needles were brought to the laboratory and total projected area measured with an image analysis system (Mocha, Jandel Scientific, San Rafael, CA). Gas exchange rates were expressed on a one-sided leaf area basis.
Foliar
C/ 12 C ratio and total N content
Foliar stable carbon isotope ratios were used as indicators of long-term water-use efficiency (WUE) (Farquhar and Richards 1984, Ehleringer and Osmond 1989) . Because both species were sampled at the same site, the potential effects of varying evaporative demand on water-use efficiency (see Marshall and Zhang 1994) were not a concern. Oven-dried mature leaves (1-year-old) sampled from each tree from south-facing branches in the middle portion of the crown were coarsely ground. A subsample of leaves was finely ground (60 mesh) for stable carbon isotope and total nitrogen (% dry weight) analysis. Samples were analyzed at the Stable Isotope Laboratory of the Institute of Ecology (University of Georgia, Athens). Carbon isotope ratio was expressed relative to the Pee Dee Belemnite standard.
Tree water use
Half of the trees of each species, spanning the full age and DBH range, were measured July 10-12, 1996 and the other half were measured July 13-15, 1996. Sap flow was measured by the heat pulse method. Sap flow probes (Thermalogic, Pullman, WA) consisted of two 1.25-mm diameter needles inserted in the sapwood: a lower heater needle and an upper thermocouple needle installed 6 mm above the heater. The heater provided a heat pulse sensed by each of the three thermocouples regularly spaced along the length of the upper needle (so that the heat pulse was sensed at increasing sapwood depths). Probe lengths varied from 20 mm (inserted in the smallest trees) to 35 mm (inserted in the larger trees). Data loggers (Models CR10 and 21X, Campbell Scientific, Logan, UT) controlled the relays operating the heaters and record the data. One probe was inserted per tree on the northeast side of the trunk at a height of 1.4 m. Once installed, probes were insulated with 6-cm-thick foam and wrapped with padded reflective material to minimize the effect of external temperature fluctuations. The convective velocity of a heat pulse (V ) was calculated as (Cohen et al. 1981 , Schiller and Cohen 1995 , Sala et al. 2001 :
where r is the distance between the heater and the thermocouple needles (6 mm), k is thermal diffusivity of wet wood and t m is time to the maximum temperature rise following the heat pulse. When no sap flow takes place, V = 0 and Equation 1 yields:
where t m0 is time to maximum temperature rise at zero flow. Combining Equations 1 and 2 yields:
Sap flux density at each sapwood depth (J i ) is calculated as:
where ρc and ρ w c w are the volumetric specific heat of wood and water, respectively. Total volumetric sap flow (F ) is calculated as:
where A SWi is the sapwood cross-sectional area in which J i has been determined. For the two largest whitebark pines, where sapwood depth was greater than the needle length (maximum sapwood depth was 65 mm in the largest tree), sap flow velocity was estimated in successive 1-cm deep concentric rings from the end of the needle to the heartwood by linear extrapolation between the value at the deeper thermocouple of the needle and 0 at the heartwood. Zero sap flow conditions were assumed to occur at dawn (0400 h, local time). Although this assumption might not be strictly true, nighttime sap velocity was generally very low and fluctuated randomly suggesting that sap flow was below the range of accuracy of the heat pulse method. Low accuracy has also been reported when using the heat pulse compensation method (Swanson and Whitfield 1981, Becker 1998) . The volumetric specific heat of wet wood was determined gravimetrically from sapwood samples taken from nine trees of each species (Campbell et al. 1991) . Because there were no differences in the volumetric specific heat of wet wood between small, medium and large trees, a mean value was used for each species. Empirical calibrations of the two-needle heat pulse technique for different species have consistently yielded a correction factor of about 0.55 (Cohen et al. 1981 , Cohen et al. 1985 , Cohen and Fuchs 1989 , Schiller and Cohen 1995 , 1998 . Therefore, we estimated sap flow values based on this correction factor. However, our emphasis was on relative differences, and absolute values, although consistent with those reported in the literature (see Wullschleger et al. 1998 for a review), should be interpreted with caution. Because the method lacked accuracy during very low sap flow at night, we used total daily sap flow as the accumulated flow from 0500 to 2230 h, local time. After sap flow measurements were completed, 14 of the whitebark pines and nine of the subalpine firs measured were harvested to build regression models for biomass allocation and growth (Callaway et al. 2000) . In the harvested trees, total sapwood area at 1.4 m (where probes were inserted) was determined by staining 5-cm-thick transverse disks with bromecresol green (Kutscha and Sachs 1962) . Stained cores taken at the probe insertion point and at the opposite side of the trunk were used to calculate sapwood area in non-harvested trees. Total leaf area in harvested trees was determined from leaf area-basal branch diameter relationships determined for each species and measurements of all basal branch diameters in each harvested tree (Callaway et al. 1994 , Callaway et al. 2000 . Because of probe failures and inaccurate readings caused by probe contact with non-conducting portions of the sapwood, only 16 subalpine firs and 15 whitebark pines (of the 20 sampled per species) could be used to estimate water use.
Weather variables (relative humidity, air temperature, global radiation and wind velocity) in a nearby clearing were measured concurrently with sap flow measurements at 60-s intervals and averaged every 30 min. Potential evapotranspiration (PET) was calculated from these measurements by the Penman-Monteith equation as modified by van Bavel (1966) , which gives an estimate equivalent to open water evaporation under a given set of environmental conditions. Because weather during the measurement period was consistently clear and uniform (mean ± SE PET was 6.9 ± 0.03 mm day -1 ), normalization of daily sap flow for trees measured on different days was unnecessary.
Stand-level water use and LAI
Twelve natural stands ranging from 67 to 458 years old were sampled in the BMWC. To minimize microclimatic differences, only stands that were the same habitat type as at our site in the Sapphire Mountains (Abies lasiocarpa-Luzula hitchcockii, Pfister et al. 1977) were selected. In each stand, one 400-m 2 circular plot was randomly located and all trees were classified into 5-cm diameter size classes. Maximum DBH of subalpine firs and whitebark pines in the oldest stands was 35 and 55 cm, respectively. Detailed information on DBH distribution for the two species in the different stands is given in Callaway et al. (2000) . Stand age was determined based on the largest trees (Callaway et al. 2000) .
Stand leaf area index (LAI) was estimated from leaf area estimates for trees of each size class and the total number of trees in each size class. Leaf area was estimated from species-specific biomass allocation equations constructed with data for the trees used for sap flow measurements at the Sapphire Mountains site (Callaway et al. 2000) . First, total leaf mass was estimated from species-specific regressions between leaf mass (LM) and DBH. For whitebark pine: logLM = -1.409 + 1.925 (logDBH) (r 2 = 0.98, P < 0.001) and for subalpine fir: logLM = -1.170 + 1.949 (logDBH) (r 2 = 0.98, P < 0.001, Callaway et al. 2000 ). Total leaf area was then calculated by multiplying by specific leaf area (3.3 and 4.0 kg m -2 for whitebark pine and subalpine fir, respectively). Water use of whitebark pine and subalpine fir in each size class was calculated from the species-specific regressions between tree size (which spanned the full range of tree sizes measured at the BMWC) and daily water use also obtained in the Sapphire Mountains (see above). Transpiration at the stand level (mm day -1 ) was then estimated from the number of trees in each size class and the water use of trees in each size class. The assumptions implicit in these estimates are discussed (see Discussion).
Statistical analyses
Changes in total-tree sap flow, sapwood-and leaf area-related sap flow, leaf carbon isotope ratio and nitrogen concentration as a function of tree size were subjected to analysis of covariance. Analyses were performed by the General Linear Models procedure (GLM) of the Statistical Analysis Software Package, Version 6.1 (SAS Institute, Cary, NC). When the slope effect (i.e., tree size) was not significant, differences between the mean values of the two species were analyzed with a t-test.
Results
Shoot water potential and leaf-level gas exchange
Approximately 3 weeks after snow melt, predawn shoot water potentials (Ψ pd ) of whitebark pine and subalpine fir were significantly different (-0.88 ± 0.04 MPa (± SE) and -0.64 ± 0.04 MPa for whitebark pine and subalpine fir, respectively; P < 0.001). During the day, shoot water potential decreased, reaching -1.49 ± 0.02 MPa for whitebark pine and -1.46 ± 0.07 MPa for subalpine fir.
Under clear skies, gas exchange rates of fully illuminated shoots were generally higher for whitebark pine than for subalpine fir (Figure 1) . From early to mid-morning, photosynthetic rates were similar for both species; however, from mid-morning to mid-afternoon, values were significantly higher for whitebark pine (maximum rates of 11 µmol CO 2 m -2 s -1 ) than for subalpine fir (maximum rates of 6 µmol CO 2 m -2 s -1 ) (Figure 1a ). Stomatal conductance was also significantly higher for whitebark pine than for subalpine fir throughout the day, with maximum values (from 0900 to 1300 h, local time) of 166.4 ± 5.3 and 63.4 ± 1.2 mmol m -2 s -1 , respectively; P < 0.05; data not shown). Because leaf temperatures were similar for the two species, whitebark pine exhibited higher transpiration rates than subalpine fir (Figure 1b ). Lower transpiration rates for subalpine fir resulted in significantly higher instantaneous water-use efficiency early and late in the day compared with whitebark pine (Figure 1c) .
Based on diurnal measurements in the field, maximum photosynthetic rates in subalpine fir (5-6 µmol CO 2 m -2 s -1 ) occurred at a photosynthetic photon flux density (PPFD) > 500 µmol m -2 s -1 , whereas maximum rates in whitebark pine 720 SALA, CAREY, KEANE AND CALLAWAY TREE PHYSIOLOGY VOLUME 21, 2001
Figure 1. Diurnal courses of photosynthetic rates (A), transpiration rates (E) and instantaneous water-use efficiency (WUE) of 1-yearold, sun-exposed needles of whitebark pine and subalpine fir. Means (± 1 SE) are for one measurement on each of four trees.
(10-11 µmol CO 2 m -2 s -1 ) occurred at PPFD values > 1100 µmol m -2 s -1 (Figure 2 ).
Leaf nitrogen and carbon isotope ratios
Total leaf nitrogen concentrations (% dry weight) did not differ between whitebark pine and subalpine fir (1.08 ± 0.03 and 1.11 ± 0.03%, respectively) and were consistent with values reported in the literature for coniferous species (Reich et al. 1997) . The carbon isotope ratio of mature whitebark pine leaves (-25.55 ± 0.22‰) was significantly higher than that for subalpine fir (-26.2 ± 0.19‰; P < 0.05). Because the two species were sampled at the same site and were exposed to similar evaporative demand, carbon isotope ratios are a good integrated measure of long-term WUE (Farquhar and Richards 1984, Ehleringer and Osmond 1989) . Contrary to our instantaneous measurements (which were not taken during a period of water stress), long-term WUE of needles developed during the previous growing season was significantly higher for whitebark pine than for subalpine fir. Neither long-term WUE nor %N varied significantly with DBH (data not shown).
Sap flow and tree water use
In both species, diurnal variation in sap flow (Q, kg h -1 ) during clear July days closely followed changes in air vapor pressure deficit (Figure 3) . Maximum rates occurred between noon and mid-afternoon (1600 h, local time). Sap flow on a sapwood area basis (Q S ), exhibited less variability than total-tree sap flow and was consistently higher for subalpine fir than for whitebark pine (Figure 3 ).
There was a strong linear relationship between total daily sap flow and tree size (DBH) for both species (r 2 = 0.97 and 0.94 for subalpine fir and whitebark pine, respectively; P < 0.001; Figure 4 ). The two variables are partially correlated, however, because total water use is based on sapwood area, which is dependent on DBH. The slopes of this relationship differed (ANCOVA, P DBH × species = 0.013), indicating that total daily sap flow increased more rapidly with tree size for subalpine fir than for whitebark pine.
Mean daily sap flow on a leaf area basis (Q L ) was signifi- There was a significant DBH (P < 0.0001) and DBH × species interaction (P = 0.013) indicating that the slopes of the two lines differed.
cantly greater for whitebark pine (0.73 ± 0.06 kg m -2 day -1 ) than for subalpine fir (0.33 ± 0.03 kg m -2 day -1 ; P < 0.001). However, sap flow on a sapwood area basis was significantly greater for subalpine fir (0.22 ± 0.013 kg cm -2 day -1 ) than for whitebark pine (0.17 ± 0.01 kg cm -2 day -1 ; P < 0.01). Tree size did not correlate with sap flow per unit leaf or sapwood area for subalpine fir (Q L = 0.052 -0.0002 DBH, r 2 = 0.08, P > 0.05), but for whitebark pine, sap flow on a leaf area basis decreased significantly with increasing tree size (Q L = 0.143 -0.0018DBH, r 2 = 0.44; P < 0.05).
Stand characteristics and water use during succession
The total basal area of mixed stands of subalpine fir and whitebark pine in the BMWC increased with stand age to maxima between 30 and 36 m 2 ha -1 in stands > 200 years old (Figure 5a) . The proportional contribution of subalpine fir to the total stand basal area was lower than that of whitebark pine at all stand ages. However, because subalpine fir exhibited a much greater A L :A S (0.8 m 2 cm -2 ) than whitebark pine (0.3 m 2 cm -2 ; Callaway et al. 2000) , we estimated that the total leaf area index of subalpine fir was similar to that of whitebark pine for approximately 300 years, after which time LAI of subalpine firs tended to exceed that of whitebark pines (Figure 5b) . Estimated stand-level transpiration by whitebark pine was lowest in young stands (< 100 years old) and remained generally constant after 200 years. Stand-level transpiration by subalpine fir increased with stand age (up to 1.43 mm day -1 in the oldest stand; Figure 5c ). Estimated total stand transpiration increased with stand age reaching maximum values (about 2.6 mm day -1 ) in stands between 200 and 300 years. The relative contribution to total water use by subalpine fir tended to increase with stand age.
Discussion
Fire exclusion in subalpine forests of the interior Rocky Mountains has enhanced the replacement of open, fire-maintained whitebark pine forests to denser forests co-dominated by subalpine fir, a species with over twice the A L :A S of whitebark pine (Callaway et al. 2000) . Our leaf-level results indicated that gas exchange characteristics for subalpine fir are consistent with those for shade-tolerant species. Subalpine fir exhibited lower leaf-level transpiration rates and lower leaf-area-based sap flow than whitebark pine. Consequently, the higher A L :A S for subalpine fir did not translate to directly proportional increases in whole-tree water use. However, we estimated that at high water availability and evaporative demand, increases in the relative abundance of subalpine fir in fire-excluded stands may lead to increased whole-stand transpiration, because of increases in LAI, and to higher wholetree water use by large subalpine firs relative to whitebark pines of the same size.
High A L :A S ratios for subalpine fir and for late-successional coniferous species of the northwestern USA in general (see Callaway et al. 2000) have several functional and ecological implications. First, increased foliage at any given tree size will likely be associated with reduced solar irradiance and increased shade tolerance (Callaway et al. 2000) . Consistent with this prediction and with general trends for early-versus late-successional species observed by others (Bazzaz 1979 , Kimmins 1997 , Callaway et al. (2000) documented a positive relationship between A L :A S and shade tolerance for several coniferous species. We found that subalpine fir exhibited lower photosynthetic rates and photosynthetic light saturation point (characteristics typical of shade-tolerant species) than whitebark pine, which supports the long-standing assumption that the late-successional subalpine fir is more shade tolerant than the early-successional whitebark pine. The high predawn water potentials measured for both species during our sample period and the bell-shaped diurnal courses of photosynthesis and transpiration indicated that water stress was minimal and that differences in gas exchange between the species did not result from species-specific responses to water stress. We have no explanation for the significantly higher predawn water potential values for subalpine fir than for whitebark pine. It is possible that these differences reflect a measurement error associated with the high sap exudation from subalpine fir shoots, which makes measurement at high water potential difficult. As succession proceeds and subalpine fir encroaches into whitebark pine stands, stand density, leaf area and shade increase such that increased shade tolerance in subalpine fir may favor this species in later successional stands. In contrast, high photosynthetic rates in whitebark pine, which is common in other shade-intolerant species, may be necessary to compensate for the high respiratory costs associated with low A L :A S in this species (Callaway et al. 2000) . Consistent with this prediction, Carey et al. (1998) showed that increased respiratory costs associated with increased relative allocation to sapwood in desert ponderosa pines (Pinus ponderosa Dougle. ex P. Laws. & C. Laws.) were compensated for by increases in photosynthetic capacity. Increased shade as succession proceeds may limit whitebark photosynthesis and growth, further facilitating the replacement process.
Changes in A L :A S between early-and late-successional species also have important implications for the homeostatic balance between whole-tree water transport capacity (amount and permeability of sapwood) and overall demand for transpiration (Whitehead et al. 1984 , see also Mencuccini and Grace 1995) . Increased sapwood permeability and the resulting improved water supply is one way to offset, at least partially, increases in A L :A S (Whitehead et al. 1984 , Sala et al. 2001 ). Piñol and Sala (2000) found no differences in sapwood permeability in terminal branches of whitebark pine and subalpine fir even though subalpine fir had significantly higher branch-level A L :A S . We, in contrast, found significantly higher sapwood-area-based sap flow for subalpine fir than for whitebark pine, suggesting that apparent sapwood permeability is higher for subalpine fir. If such increases in sapwood permeability are not sufficient to offset increases in A L :A S , leaf specific hydraulic conductance (LSC, water loss per unit leaf area and per unit of pressure gradient) should inevitably decrease leading to stomatal closure and reductions in leaf-level water loss thus reducing overall water demand (Sperry and Pockman 1993) . Consistent with this suggestion, our gas exchange measurements at the leaf-level and sap flow measurements at the whole-tree level indicated that subalpine fir experienced lower stomatal conductance and water loss on a leaf area basis relative to whitebark pine. However, the extent to which lower leaf-area-based transpiration rates in subalpine fir are caused by partial stomatal closure in response to low LSC and shade, or by decreases in the driving force for transpiration as a result of increased needle packing remains to be quantified. Several studies have shown sensitive stomatal responses to changes in LSC (Sperry and Pockman 1993 , Meinzer et al. 1999 ), and Comstock (2000 reported that LSC decreased as proportional allocation to foliage increased. Further, the lower A L :A S ratios for whitebark pine than for subalpine fir are associated with much more open canopies, and probably with higher aerodynamic roughness and transpiration rates at high water availability (Cienciala et al. 1998) .
Because of reduced leaf-area-based transpiration rates in subalpine fir, high allocation to foliage in subalpine fir relative to whitebark pines of the same size did not translate to proportional increases in whole-tree water use. However, lower leafarea-based water loss in subalpine fir offset higher A L :A S only in part: although small subalpine fir trees exhibited similar total daily sap flow relative to small whitebark pines, large subalpine firs exhibited slightly, but significantly, higher whole-tree water use than large whitebark pines. Because we did not measure whole-tree water use later in the season when soils are drier and warmer, it is not known whether the slopes of these relationships remain constant or change as the summer develops. If we assume that soil temperature has a similar effect on water uptake for the two species, our results suggest that the difference between the slopes for the two species would be similar or even larger later in the season. At high water availability (July), whitebark pine exhibited similar or lower instantaneous WUE than subalpine fir. However, leaf stable carbon isotope and nitrogen content data indicated that, in the long term, WUE was higher in whitebark pine than in subalpine fir, a trait that is consistent with the ability of whitebark pine to extend into drier sites than subalpine fir (see also Piñol and Sala, 2000) . Because needle nitrogen concentration in the two species was similar, higher WUE in whitebark pine than in subalpine fir was probably a result of higher stomatal control of water loss. These data suggest that similar or lower WUE for whitebark pine relative to subalpine fir early in the season was offset by increases in WUE later in the season when drought developed, and that it is unlikely that subalpine fir decreased water use to a larger degree than whitebark later in the season.
The finding that leaf-area-based sap flow rates in whitebark pine decreased significantly as trees increased in size suggests that water supply to leaves became increasingly limited in older trees (see also Mencuccini and Grace 1996 , Hubbard et al. 1999 , Ryan et al. 2000 . Such hydraulic limitations were not apparent in the late-successional subalpine fir. These differences between species appear to be related to the finding that A L :A S decreases with tree size in subalpine fir but increases in whitebark pine (A. Sala, unpublished data). Limitations in the water transport system in whitebark pine may become increasingly severe as stands age and water use increases (see below), and may be an additional mechanism contributing to the gradual replacement of whitebark pine during succession.
Based on the relationships between total daily sap flow and tree size for the two species at the Sapphire Mountains site, we estimated that stand-level transpiration in natural forests of the BMWC increased substantially with succession as stands aged and subalpine fir assumed co-dominance. To understand fully the consequences of fire exclusion on canopy water balance, however, long-term measurements of canopy transpiration, interception, and soil and understory evaporation in stands of different ages are needed. Because our estimates are only of transpiration and are based on several assumptions they need to be interpreted with caution. First, because the relationships between tree size and water use were developed under condition of high water availability and relatively high evaporative demand, our estimates of stand-level transpiration represent values that could be expected only under similar early season conditions. Second, we assumed that the relationship between tree size and water use in the 12 stands of the BMWC is similar to that measured in the Sapphire Mountains and that it does not change with stand age. We minimized microclimatic differences by selecting stands in the BMWC that were the same habitat type as the stand in the Sapphire Mountains, a classification based on vegetation and climate (Pfister et al. 1977) . Haydon et al. (1996) and Vertessy et al. (2001) reported similar sap flow velocity for Eucalyptus regnans F. Muell trees in young versus old growth stands. We found that sap flow per unit leaf area decreased with tree size (and age) in whitebark pine (see also Ryan et al. 2000) but not in subalpine fir. Further, tree density and basal area at the Sapphire Mountains site were similar to those in the older BMWC stands. Therefore, the effect of tree size (and age) and feedback effects resulting from increased basal area and LAI on tree water use in mature stands are implicit in our empirical relationships, although we probably overestimated stand-level transpiration in younger stands.
To our knowledge, no studies provide quantitative links between changes in water yield and changes in species' composition and LAI as succession proceeds (but see Hornbeck et al. 1997) . Although our results are tentative, they suggest that, as succession proceeds in the absence of fire, the potential for transpiration in subalpine forests increases as subalpine fir encroaches into whitebark pine stands. Increased stand transpiration is largely a result of increased LAI with succession, which in turn results from the combination of increased total basal area in a stand (because of the recruitment of subalpine fir), changes in species' composition (from whitebark pine-dominated stands to stands co-dominated by subalpine fir) and the associated species-specific patterns of biomass allocation (higher A L :A S in subalpine fir than in whitebark pine).
